Irregular rainfall and pronounced reductions of the hydrometric level in the year 2000 resulted in drastically altered hydrological connectivity of lentic environments in the upper Paraná River floodplain. The objective of the present work was to examine spatial and temporal patterns of fish assemblage attributes and structure in relation to limnological variables associated with hydrological connectivity. Fish were collected quarterly by seining in the marginal areas of 15 lagoons belonging to two biotopic categories (connected and disconnected). Variation in assemblage composition reflected the degree of hydrological connectivity. Values of assemblage attributes (species richness, density and biomass) were significantly lower in connected lagoons than in disconnected lagoons. Significantly higher values of species richness and biomass were recorded in November than in August. Rare species had the greatest effect on observed patterns in fish assemblage ordination (DCA). Observed patterns of variation in assemblage attributes were directly correlated with factors related to hydrological connectivity, such as depth, resources (zooplankton and chlorophyll a) and nutrients (total phosphorus).
Introduction
The dynamic nature of the hydrological regime in riverfloodplain systems directly affects connectivity, especially between superficial compartments of the river channel and adjacent areas. High hydrometric levels result in lateral floodplain expansion and greater connectivity by forming temporary waterbodies and increasing water volume in permanent lagoons. Disconnection occurs with reduction of the hydrometric level, in an asynchronous manner between biotopes as a function of topographical and morphometric factors (e.g. lagoon shape), producing a spatially heterogeneous landscape. The intensity and duration of the disconnection process can strongly affect chemical, physical and biological characteristics of the aquatic environment (Amoros & Roux, 1988; Tockner et al., 1999) .
Fig. 1.
Study area with location of sampling sites in connected (1-6) and disconnected lagoons (7-15): 1 (Leopoldo), 2 (Manezinho), 3 (Pombas), 4 (Maria Luíza), 5 (Porcos), 6 (Ipoitã), 7 (Clara), 8 (Genipapo), 9 (Osmar), 10 (Pousada), 11 (Aurélio), 12 (Traíra), 13 (Cervo), 14 (Jacaré), 15 (Capivara).
Past studies in the Paraná River floodplain revealed direct relationships between the hydrological dynamic and limnological variables, with spatial heterogeneity in the dry season and homogeneity during flood periods (Agostinho et al., 1995; Thomaz et al., 1997) . Fish assemblage structure can vary drastically even between adjacent biotopes, depending on intrinsic factors of each species in relation to environmental factors, such as accessibility, habitat quality and resources availability (Winemiller et al., 2000; Súarez et al., 2001; Okada et al., 2003) . Lentic environments of the upper Paraná River floodplain are preferential habitats for many small-sized and sedentary species, and are important nursery areas for migratory species (Agostinho et al., in press ). The maintenance and integrity of these biotopes, however, has been seriously threatened by control of the hydrological regime by dam operations upstream (Agostinho & Zalewski, 1996; Agostinho et al., in press) .
Prior to 1998 the hydrological regime of the Paraná River was strongly seasonal with pronounced wet and dry periods (Agostinho et al., in press ). In 2000, the floodplain did not experience sustained inundation (< 10 days in February and in late March) due to scarcity of rainfall and outflow regulation of the Paraná River and its main tributaries. Consequently, the hydrological connectivity of most lentic environments of the floodplain was not re-established in what typically would be the high water period. This atypical condition allowed us to assess the effect of the hydrological connectivity degree upon the fish fauna. Therefore, in this study we (i) evaluate attributes (species richness, density and biomass) and structure (composition and abundance) of fish assemblages in connected and disconnected floodplain lagoons both spatially and temporally, and (ii) assess relationships between observed attributes and structure of the fish assemblages and abiotic and biotic variables directly related to hydrological connectivity in a dry year.
Material and Methods
Study area. The Paraná River begins in the central Brazilian plateau and drains into the La Plata River after a journey of approximately 4,695 km south. In Brazilian territory, only the stretch between Porto Primavera Dam and Itaipu Reservoir (230 km) still has an extensive floodplain on its west margin ( 20 km wide; Fig. 1 ). Species composition and abundance of several communities (zooplankton, phytoplankton, benthic invertebrates, fishes and macrophytes) varies among the main aquatic and terrestrial biotopes (river channels, secondary channels, permanent and temporary lagoons, wetlands, alluvial plain and islands) of the upper Paraná River floodplain (Agostinho et al., 1995; Agostinho et al., in press ). In addition to resident fish species that spend their entire life cycle in the floodplain, many migratory species use the floodplain only during a certain stage of the life cycle (Agostinho et al., 1993) .
The upper Paraná River floodplain therefore supports biodiversity in other regions as well (Agostinho & Zalewski, 1996) .
Prior to 1998, when filling of Porto Primavera Reservoir began, the hydrological regime of the Paraná River was characterized by strong seasonal variation with pronounced flood (November to May) and dry (June to October) periods. In 2000, after completion of Porto Primavera, the hydrometric level of the Paraná River was much lower than in the previous decade due to highly variable rainfall coupled with outflow control by the dam (Fig. 2) . Reduction of the flood intensity resulted in decreased hydrological connectivity among most lagoons located in fluvial islands and in the floodplain. Sampling. Fishes were collected by diurnal seining (20 m x 2.4 m, 0.5 cm mesh) in marginal areas of each lagoon. All individuals were identified, enumerated, weighed (g) and classified according to Britski et al. (1999) . Voucher specimens were deposited in the Ichthyological Collection of Núcleo de pesquisas em Limnologia, Ictiologia e Aqüicultura (Nupélia), Universidade Estadual de Maringá. We standardized the data by calculating fish density (number of individuals per 100 m 2 ) and biomass (total g per 100 m 2 ). Limnological data (water temperature, depth, turbidity, pH, conductivity, dissolved oxygen, total nitrogen, total phosphorus, chlorophyll a, and zooplankton density) from each lagoon during the sampling period were provided by the Limnology and Zooplankton Laboratories of Nupélia.
Data Analysis. Spatial (disconnected or connected) and temporal (February, May, August, November) variation in assemblage attributes (species richness, density and biomass) were tested by two-way ANOVA. Patterns of fish assemblage structure were evaluated using detrended correspondence analysis (DCA) performed with density data. Limnological variables were summarized by principal components analysis (PCA) using the program PC-ORD 3.0 (McCune & Mefford, 1997) . All limnological data excluding pH were log (x + 1) transformed prior to analysis. Spatial and temporal variation in axes scores from DCA and PCA (only axes with eigenvalues > 1; criterion of Kaiser-Guttman, Jackson, 1993) were tested by two-way ANOVA.
Pearson correlations were performed between PCA axes scores and species richness, density, biomass, and axes scores from DCA to investigate the potential influence of limnological variables on fish assemblage attributes and structure. Fish assemblage attributes and DCA axes scores were transformed [log (log ) or square root (sqrt)] when assumptions of normality (Shapiro-Wilk's Test) and homocedasticity (Levene's Test) were not met. Tukey's Test was applied when significant differences were detected between averages. These analyses were performed using the program Statistica TM (StatSoft, 1996) . Significance level in all tests implies P < 0.05.
Results
In total 57 fish species were recorded, of which 32 (56%) were shared between connected and disconnected lagoons during at least one sampling event. Although approximately half of the species were shared among biotopes, only 8 species (14%) were exclusive to connected lagoons, whereas 17 species (30%) were exclusive to disconnected lagoons. Representatives from the order Characiformes, mainly of them small-sized species with short life cycles, dominated the samplings. The species Serrapinnus notomelas, Astyanax altiparanae, Steindachnerina insculpta and Moenkhausia sanctaefilomenae, were abundant (> 66% from the total density) and broadly distributed between both biotopes (Appendix 1). Approximately half of the total biomass (46%) is made up of these small species. Twenty-three species (40%) were recorded during all months, while 10 species (18%) were collected in only one month (six in February, two in May and August). In general, density and biomass were highest in November due to an increase in the abundance of mediumsized species such as Loricariichthys platymetopon, Hoplias aff. malabaricus and S. insculpta.
Spatial and temporal variations.
Because ANOVAs applied to the fish assemblage attributes did not present significant interactions, we were able to evaluate the influence of each factor independently (Table 1) . Connected lagoons presented significantly lower values of species richness, density and biomass than disconnected lagoons ( Fig. 3; Table 1 ). Significantly higher values of species richness were recorded in February and November than in August ( Fig. 3a ; Table 1 ). Biomass was significantly higher in November than in August ( Fig. 3c ; Table 1 ).
DCA elucidated spatial and temporal patterns in the fish assemblages. ANOVA identified significant differences between biotopes on DC1, and between months for the second axis (February and May; February and August) (Fig. 4, Table  1 ). Although samples were dominated by a few common taxa (Appendix 1), rare species (densities represented less than 5% of the total) had the greatest effect on observed patterns in the ordination. Species restricted to (such as Hyphessobrycon sp.) or most abundant in (such as Hemigrammus marginatus) connected lagoons were positively correlated with DC1, whereas species restricted to disconnected lagoons, such as Hoplerythrinus unitaeniatus, Synbranchus marmoratus and Gymnotus spp, were negatively correlated with DC1. Species with higher densities in February, such as Bryconamericus stramineus, were positively correlated with DC2, whereas species captured in lower densities in August, especially H. marginatus, were negatively correlated with DC2 (Fig. 4) . Samples collected in May from disconnected lagoons located near Paraná River main channel (< 30m), such as Clara lagoon, Genipapo lagoon and Osmar lagoon, were positively correlated with DC1, possibly due to changes in the fish assemblage resulting from connectivity during the brief inundation in late February (Fig. 4) . Relationship between the fish assemblage and limnological variables. In general upper Paraná River floodplain lagoons were shallow, with moderately oxygenated water and trophic state varying from hiper-to eutrophic (based on total phosphorus concentrations; criterion of Wetzel, 1981) . Maximum values for all limnological variables measured (excluding depth) were recorded in disconnected lagoons (Table 2) . Additionally, disconnected lagoons were more variable than connected lagoons for dissolved oxygen, total nitrogen, total phosphorus, chlorophyll a, and zooplankton density ( Table 2 ).
The first three axes from PCA (PC1 eigenvalue = 2.27; PC2 eigenvalue = 1.74; PC3 eigenvalue = 1.39) were retained for interpretation and together explained 54.03% of the variability in limnological factors, with PC1 alone explaining 22.74% of the variability. Depth was positively correlated with PC1 (eigenvector = 0.34), whereas zooplankton, total phosphorus and chlorophyll a (eigenvectors of 0.53, 0.44, and 0.36 respectively) were negatively correlated. Turbidity was positively correlated (eigenvector = 0.43), whereas pH (eigenvector = 0.54) was negatively correlated with PC2. Dissolved oxygen (eigenvector = 0.52) was positively correlated with PC3, whereas water temperature (eigenvector = 0.52) was negatively correlated. ANOVAs applied to PCA scores did not present significant interactions therefore we were able to evaluate the influence of each factor inde pendently (Table 3 ). Significant differences were observed between biotopes and months (August and November) on PC1, and between months (February and August; November and August) on PC3 (Table 3) . A significant correlation was found only between PC1 and fish assemblage attributes; suggesting a strong relationship between limnological variables (depth, zooplankton, total phosphorus and chlorophyll a) and species richness, density and biomass of the ichthyofauna in upper Paraná River floodplain lagoons (Fig. 5) .
Discussion
Fish assemblages of lentic environments of the upper Paraná River floodplain during a dry year were dominated by opportunist species (sensu Winemiller, 1989) , characterized by small size and short sedentary life cycles. Lower species richness, density and biomass were recorded in connected lagoons compared to disconnected lagoons, especially in August. Spatial and temporal variation in fish assemblage structure was most strongly influenced by rare species. PCA distinguished connected and disconnected lagoons based on productivity (resources and nutrients). Fish assemblage attributes (species richness, density, and biomass) were correlated with PCA axes, while observed patterns of assemblage structure were not. Table 1 . Results of two-way ANOVAs applied to attributes (species richness, density, and biomass) and structure (scores from DCA axes 1 and 2) of the fish assemblage. Letters (a and b) identify averages that differed significantly between months according to Tukey's Test (P'). The absence of direct relation between patterns of fish assemblage structure and limnological variables (PCA axes) contrasts with results obtained in floodplains from other South American rivers. Differences in water transparency in lagoons of the Orinoco River (Rodríguez & Lewis Jr., 1997) and Araguaia River (Tejerina-Garro et al., 1998) were correlated with patterns of fish species composition, due to differential predation effects of visually oriented piscivores in clearwater lagoons and piscivores adapted for low light in turbid lagoons. Upper Paraná River floodplain lagoons were characterized by low abundance of piscivorous species, with the exception of H. aff. malabaricus, which was broadly distributed between both biotopes.
We expected to observe extreme values of abiotic factors acting in detriment of the fish assemblages in disconnected lagoons. However, opportunistic species seem to have been favored by the autogenic conditions that prevailed in most disconnected lagoons. Considering the strong relation found between limnological variables and fish species richness, density and biomass, two non-exclusive explanations are suggested. First, an increase in autogenic processes in disconnected lagoons support greater species richness, density and biomass. Those lagoons are shallower and the predominance of diel mixing increases productivity (Thomaz et al., 1997) , as suggested by high total phosphorus and chlorophyll a concentrations. Second, a dilution effect due to permanent hydrological connectivity between connected lagoons and the Paraná River results in lower productivity and species richness, density and biomass. In the Paraná River basin nutrient concentrations are low (especially phosphate), because the Paraná River dilutes nutrient concentrations of environments connected to it (Thomaz et al., 1992; Agostinho et al., 1995) , not following the general tendencies observed in temperate (Tockner et al., 1999) and other tropical floodplain systems (Junk et al., 1989) . This is due to chains of reservoirs in the main channel and in its tributaries, which modify the hydrologic regime and retain nutrients and solids (Barbosa et al., 1999) , negatively influencing the productivity of downstream areas. In recent work, Gomes et al. (2002) support the hypothesis that primary production (based on chlorophyll a concentration) in the Paraná River basin functions as limiting factor of fisheries yield. Table 2 . Limnological characteristics of connected and disconnected lagoons. Table 3 . Results of two-way ANOVAs applied to PCA scores. Letters (a and b) identify averages that differed significantly between months according to Tukey's Test (P').
In our investigation, limnological variables related to primary and secondary productivity were significantly correlated with fish assemblage attributes. Although we acknowledge correlation does not denote causation, productivity has been considered a reasonable hypothesis to explain patterns of diversity (Connell & Orias, 1964 , but see Rosenzweig & Abramsky, 1993; Smith, 1996) . This remains a broad and curious subject to be explored in more detail in the lentic environments of the upper Paraná River floodplain. Fish assemblage regulation by bottom up processes (Hanson & Leggett, 1982; Horne & Goldman, 1994; Scheffer, 1998) should be evaluated by future research utilizing controlled experiments designed to specifically test these hypotheses. limnological data, Carla S. Pavanelli for providing initial identification of fishes, Nupélia-UEM staff and students for field support, and David Hoeinghaus for assisting with the English translation. The comments of Sidinei M. Thomaz and David Hoeinghaus helped to improve an earlier version of the manuscript.
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